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Unilateral nephrectomy and glomerular solute transport in the dog.
The influence of compensatory hyperfunction that occurs following
unilateral nephrectomy on glomerular solute transport was determined
in awake, unanesthetized dogs by renal clearance studies. Two groups
of dogs were studied using different test solutes: group 1 (N = 5) using
inulin, iothalamate, creatinine and sodium p-aminohippurate; and group
II (N = 6) using creatinine, neutral dextran (3000 to 50,000 daltons) and
sodium p-aminohippurate. Compensatory hyperfunction, as assessed
by the increase in creatinine clearance per kidney, was 43 7% and 39
11% in the group I and LI dogs, respectively. The inulin to creatinine
and iothalamate to creatinine clearance ratios in the group I dogs were
0.93 0.07 and 1.00 0.04 before unilateral nephrectomy. The
respective values after unilateral nephrectomy of 0.86 0.04 and 0.89
0.05 were lower but not statistically different. In the group 11 dogs,
dextran to creatinine clearance ratios (dextran fractional clearance)
over the molecular weight range studied also did not change signifi-
cantly following unilateral nephrectomy. The magnitude of the change
in dextran fractional clearance following unilateral nephrectomy was
qualitatively consistent with that predicted by previous models of
glomerular macromolecular transport based on membrane pore theory.
A lack of quantitative agreement with these models, however, pre-
cluded a calculation of the changes in glomerular functional parameters
following unilateral nephrectomy. Significant alterations in fractional
clearance for neutral macromolecules do not occur following unilateral
nephrectomy in the dog.
Following unilateral nephrectomy the remaining kidney un-
dergoes a period of compensatory growth that is essential for
maintaining normal body fluid and electrolyte balance [1]. This
compensatory growth involves hypertrophy and hyperplasia of
renal tissue without an increase in the number of nephrons [2].
The renal hemodynamic response, termed compensatory hy-
perfunction or hyperfiltration, parallels this anatomic hypertro-
phy with increases in both renal plasma flow and glomerular
filtration rates when studied in either the rat [3], dog [4, 5] or
man [4, 6—8]. The physiological adaptations following unilateral
nephrectomy are important clinically as they may provide a
pathological stimulus to the remaining kidney [9—14].
One clinical consequence of unilateral nephrectomy that has
frequently been observed is a mild proteinuria of unknown
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origin [9—14]. The expected result of compensatory hyperfunc-
tion at the glomerulus would be, however, to decrease macro-
molecular fractional clearance. For example, it has been shown
previously in the rat that increases in both single nephron
plasma flow rate and glomerular filtration rate, resulting from
plasma volume expansion, produce a decrease in dextran
fractional clearance (dextran to inulin clearance ratio) for
macromolecules with radii between 20 and 40 A [15]. As
predicted by mathematical models of glomerular solute trans-
port, this decreased fractional clearance of neutral macromol-
ecules results from the decreased contribution of diffusional
transport at the higher glomerular filtration rate [16, 17]. Like-
wise, a comparable decrease in dextran fractional clearance has
also been more recently observed following colloid volume
expansion in normal human volunteers [181. Moreover, Rosen-
baum et al [19], who noted the similarity in renal hemodynamic
changes following unilateral nephrectomy and those following
volume expansion, have suggested that the glomerular trans-
port of even smaller solutes such as inulin (14 A) may be
restrained following unilateral nephrectomy. These previous
studies taken together suggest that a decrease in macromolec-
ular clearance, not an increase, should occur following unilat-
eral nephrectomy resulting directly from compensatory hyper-
function.
The present experiments were undertaken to examine the
effect of unilateral nephrectomy on macromolecular transport
at the glomerulus. Renal clearance studies were performed with
common clinical test solutes such as creatinine, iothalamate and
inulin as well as the more informative neutral macromolecules,
polydisperse neutral dextran.
Methods
Experimental
Renal clearance experiments were performed on two groups
of dogs using different test solutes. Five lab mix mongrel dogs
(4 female, I male) weighing 19 to 28 kg were studied at least
twice (usually three times) both before and after unilateral
nephrectomy using inulin, creatinine, sodium I '25-iothalamate
and sodium p-aminohippurate (PAH) as test solutes (group I).
Six different lab mix mongrel dogs (4 female, 2 male) weighing
20 to 35 kg, that were previously studied [20], were uninephrec-
tomized and studied at least three times using creatinine, PAH
and polydisperse neutral dextran as test solutes (group II).
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Right sided nephrectomies were performed under sterile
conditions and general anesthesia through a midline incision
with ligation of the vascular pedicle and ureter. The period
between unilateral nephrectomy and the clearance experiments
averaged two weeks (range 1 day to 5 weeks) in the group I dogs
and three weeks (range 1 to 8 weeks) in the group II dogs. Prior
to each experiment the dogs were fasted overnight but allowed
free access to water. The dogs were conditioned to stand
quietly in an experimental sling and to accept bladder catheter-
ization and venipuncture without struggling. No anesthetic or
analgesic was used on the day of experimentation or for the
week prior thereto.
Twenty ml/kg of 5% dextrose in water was administered over
a 20 minute period at the start of a clearance experiment to
promote diuresis. A catheter was passed into the bladder, and
plasma samples were taken for blank assays. Priming solutions
of the test solutes were administered, followed immediately by
sustaining solutions calculated to replace urinary losses. Thirty
minutes were allowed for the equilibration of these solutions.
Urine collected during this time was discarded, and all urinary
fluid loss was returned intravenously as a 0.45% NaCI and 2.5%
glucose solution. A 20 to 30 minute clearance interval was
utilized with catheter drainage of the bladder and a terminal air
washout. Plasma samples were taken just prior to the start and
end of at least three urine collection periods.
The priming solutions in both groups contained 0,9% NaCI,
90 mg/kg creatinine (Sigma Chemical Co., St. Louis, Missouri,
USA) and 8 mg/kg PAH (Merck Sharp & Dohme, West Point,
Pennsylvania, USA). For group I dogs, 50 mg/kg inulin (Amer-
ican Critical Care, McGaw Park, Illinois, USA) and sodium
I'25-iothalamate (Iso Tex Diagnostics, Friendswood, Texas,
USA) were also added to the priming solution. The plasma
levels of iothalamate were at least four times background.
Dextran T40 at 130 mg/kg and dextran Tl0 at 390 mg/kg
(Pharmacia Fine Chemicals, Piscataway, New Jersey, USA)
were added to the priming solution for the group II dogs. The
sustaining solutions for each group contained 0.9% NaCI and
appropriate combinations of the test solutes to maintain plasma
concentrations at relatively constant levels [201.
Creatinine concentrations were determined by using a Beck-
man-2 Creatinine Analyzer (Fullerton, California, USA). Con-
centrations of PAH were determined by the method described
by Waugh and Beall [211, and previously reported methods for
determining inulin concentrations were used [221. Concentra-
tions of U25-iothalamate were measured in a Searle Model 1185
gamma counter (Nuclear-Chicago, Des Plaines, Illinois, USA).
Polydisperse dextran was isolated from each sample and re-
solved into component molecular weight distributions by gel
permeation chromatography as described previously 120, 23].
Data analysis and statistics
The clearance for each solute of interest (C) was calculated
in the usual manner
Ci = UV/P
where U1 and V are the solute concentration in urine and the
volume flow rate of urine, respectively. The value of P used
was the arithmetic mean of the plasma concentrations bracket-
ing the urine collection period. A single value of clearance for
Table 1. Mean values (± SEM) of creatinine clearance (Car), PAH
clearance (CPAH), inulin clearance (C1), and iothalamate clearance
(C10) for the group I and II dogs both before and after unilateral
nephrectomy
Group I Group II
1/2 Pre- Post- 1/2 Pre- Post-
nephrectomy nephrectomy nephrectomy nephrectomy
Cr 42 3 60 4C 41.5 3.4 5•
ClAH 137 6 207 40 136 9 189 l0
C1 39±3 52±6 — —
C10 36±4 46±5 — —
FF 0.32 0.03 0.31 0.04 0.30 0.01 0.31 0.01
Cin/Ccr 0.93 0.07 0.86 0.040
C10/Cc, 1.00 0.04 0.89 0.05 — —
Also shown are the filtration fraction (FF), the inulin to creatinine
clearance ratio (Cin/Ccr), and the iothalamate to creatinine clearance
ratio (Cio/Ccr). All clearance values are reported in mi/mm/kidney.
Significantly different from one-half the pre-nephrectomy value (P
<0.01).b Significantly different from one-half the pre-nephrectomy value (P
<0.05).
C Significantly less than one (P < 0.05).
each dog was determined as the mean value from the different
experiments (6 to 9 separate determinations). As exogenous
creatinine clearance has been previously shown to be a good
measure of glomerular filtration rate in dogs [24], the inulin,
iothalamate, and dextran fractional clearances were calculated
as the ratio of their clearance to the creatinine clearance. The
dependence of dextran fractional clearance on molecular weight
was interpolated at 150 different molecular weights to facilitate
further calculations [20]. The filtration fraction (FF) was esti-
mated by dividing the creatinine clearance by that for PAH.
All experimental values are reported as mean SEM. The
statistical comparison of data between before and after unilat-
eral nephrectomy was performed using a paired Student's
t-test.
Results
Mean values of creatinine, PAH, inulin, and iothalamate
clearance for the group I dogs are shown in Table I both before
and after unilateral nephrectomy. Table 1 also shows the
clearance ratios of creatinine to PATTI (FF), inulin to creatinine,
and iothalamate to creatinine. Before nephrectomy, inulin and
creatinine clearances are similar to previously reported values
by ourselves [22] and others [241. The values of FF are also well
within the range of previously reported values [25]. The in-
crease in creatinine clearance per kidney after unilateral ne-
phrectomy is significant. The increases in inulin, iothalamate
and PAH clearance per kidney approach but do not reach
statistical significance. The inulin to creatinine clearance ratio
after unilateral nephrectomy of 0.86 0.04 was significantly
less than one, but not different from the value before nephrec-
tomy of 0.93 0.07.
Table I also shows mean values of creatinine clearance, PAH
clearance, and FF for group Ii dogs both before and after
unilateral nephrectomy. The clearance values are virtually
identical to (hose reported for the group I dogs, and the
increases in both creatinine and PAH clearance following
unilateral nephrectomy are significant. This difference from the
group I studies is due to less scatter in the PAH clearances and
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Dextran stokes radius, A
Fig. I. The dependence of dextran fractional clearance on the loga-
rithm of dextran molecular weight and Stokes radius for the group II
dogs. The results before unilateral nephrectomy are shown in the solid
line and those after unilateral nephrectomy in the dashed line. The mean
data values are connected by straight lines and the vertical bars shown
at selected data points indicate the SEM.
is likely the result of our increased capability over time in
working with the awake dog model.
Dextran fractional clearance as a function of molecular
weight and Stokes radius before (solid line) and after (dashed
line) unilateral nephrectomy is shown in Figure 1. The values of
dextran Stokes radius R (A) were computed by the following
equation
R = 0.305 M°47
where M is the molecular weight of dextran determined by
column calibration [23]. In both cases, as dextran molecular
weight decreases the fractional clearance increases until ap-
proximately 8000 daltons (R = 21 A) upon which further
decreases in molecular weight lead to a decrease in the frac-
tional clearance. Comparison of the dextran fractional clear-
ance before and after unilateral nephrectomy showed no signif-
icant difference at any molecular weight.
Discussion
Unilateral nephrectomy is a powerful stimulus for both
hypertrophy and compensatory hyperfunction to occur in the
remaining kidney. As the number of glomeruli in the remaining
kidney do not increase [2, 261, the increase in glomerular
filtration rate must result in an increase in filtration rate per
nephron. After unilateral nephrectomy we observed compensa-
tory hyperfunction, as assessed by the increase in creatinine
clearance per kidney, of 43 7% and 39 11% in group I and
II dogs, respectively, with parallel increases in renal plasma
flow rate. Thus, both groups showed a similar increase in
glomerular filtration rate per kidney, results that are consistent
with previous observations by Rous and Wakim [5] who dem-
onstrated that compensatory hyperfunction had already oc-
curred 24 hours after unilateral nephrectomy in the dog. The
magnitude of hyperfunction observed here is also similar to that
observed in other experimental studies on dogs [4, 5] and
following kidney donation in humans [6—81.
With this degree of compensatory hyperfunction, it had been
our expectation to see significant reductions in macromolecular
fractional clearance as assessed by either inulin or dextran.
None however were observed. Following unilateral nephrec-
tomy, the decrease in the inulin to creatinine clearance ratio in
group I dogs is in the same direction as observed in the study of
human kidney transplant donors and recipients by Rosenbaum
et a! [19] but is of lesser magnitude. The present results
however agree with the extensive earlier work by Kolberg [4] in
six Alsacian mix dogs, where unilateral nephrectomy produced
22% compensatory hyperfunction and an inulin to endogenous
creatinine chromogen clearance ratio of 1.15 0.03, a value not
different from that for normal dogs of 1.11 0.05. Our work is
apparently at odds with the more recent brief report by Helter,
Horáëek and Hollyová [27] where the inulin to creatinine
clearance ratio was 0.71 0.20 at six weeks post-nephrectomy
but returned to 0.99 0.06 at six months post-nephrectomy. All
but one of our group I studies were carried out two weeks or
less following unilateral nephrectomy with only one study at
five weeks; hence we may have missed this transient alteration.
With reference to the group I dogs, if a lower inulin to
creatinine clearance ratio was the result of inulin restraint [19],
then the restraint of larger macromolecules would be more
dramatic. This was the main stimulus for our moving to the
more informative studies using neutral dextran. Our studies
with dextrans, however, also did not show significant differ-
ences in fractional clearance between dogs studied before and
after unilateral nephrectomy over the molecular weight range of
3000 to 50,000 daltons (13 to 50 A). The decrease in dextran
fractional clearance following unilateral nephrectomy, although
not significantly lower, is in a direction consistent with restraint
of macromolecules. If it is assumed that this is a true difference
given the observed experimental variance, it can be calculated
that 22 more dogs would need to be studied in order to have an
80% chance of obtaining statistical significance at the 5% level
[28].
To test whether a lack of change in macromolecular fractional
clearance following unilateral nephrectomy is consistent with
previous work on glomerular transport, we compared the
present dextran fractional clearance data with predictions from
a mathematical model for macromolecular transport at the
glomerulus. The model we used, while slightly modified from
those in the literature [16, 17, 291, predicts similar results to
those previously published. When comparing the present ob-
servations with the model, however, there was not sufficient
agreement to permit the use of the model to compute useful
parameter values of glomerular function such as: glomerular
membrane mean pore radius (r0), pore area to membrane
thickness ratio (AIl), ultrafiltration coefficient (Kf), or glomer-
ular hydraulic pressure difference (P). An example of this lack
of agreement is shown in Figure 2 where dextran fractional
clearance for one group II dog is compared with the best fit
model predictions. The systematic deviation of the model from
the experimental data may be appreciated both visually and by
the accuracy of the estimated glomerular functional parameters.
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Fig. 2. The dependence of dextran fractional clearance on the loga-
rithm of dextran molecular weight and Stokes radius for one group II
dog before unilateral nephrectomy (solid line). The best fit predictions
using a model of glomerular function based upon membrane pore theory
are shown in the dashed line. The relevant input experimental param-
eters are: creatinine clearance of 33.0 ml/min/kidney, PAH clearance of
124 mI/mm/kidney, and systemic protein concentration of 7.2 gIdl. The
glomerular parameters predicted by the model are: r0 of 52.9 0.8 A,
A/l of 28.4 23.1 x 106 cm/kidney, Kr of 11.5 mI/mm/mm Hg/kidney,
and iP of 30.8 mm Hg.
In this latter comparison the mean pore radius was well
estimated as 52.9 0.8 A, but the pore area to thickness ratio
was unsatisfactorily estimated as 28.4 23.1 x 106 cm/kidney.
Such systematic deviations between the model and the data
were observed for all dogs studied both before and after
unilateral nephrectomy. The small change in dextran fractional
clearance resulting from unilateral nephrectomy (Fig. 1) cou-
pled with these systematic deviations precluded quantitative
calculations either of the normal parameters of glomerular
function or the changes in those parameters that may occur
following unilateral nephrectomy.
It should be noted that a lack of agreement between models of
glomerular transport and macromolecular fractional clearance
has also been reported by others. For example, Chang et al [151
and Michels, Davidman and Keane [30] have shown in the rat
that their calculated membrane parameters depend on the
molecular size of dextran, results that are equivalent to the lack
of agreement observed with the present data. Using the com-
bined data of Bohrer et al [31J and Chang et al [15] in the rat;
however, Deen, Bohrer and Brenner [17] have reported good
agreement with a model of glomerular transport. Lambert et al
[321 have also reported good agreement between model predic-
tions and the fractional clearance of polyvinylpyrrolidone poly-
mers in the dog.
The reason for agreement (or lack thereof) between experi-
mental results and mathematical models lies not in model
differences but rather in differences in the fractional clearance
data as illustrated in Figure 3. In this figure our dextran
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Fig. 3. The dependence of dextran fractional clearance on the loga-
rithm of dextran molecular weight and Stokes radius for the group 11
dogs before unilateral nephrecto,ny (solid line) compared with previ-
ously reported data in the rat. The data are taken from the following
references: open circles [15], solid squares [30], solid circles [31], open
squares [33].
fractional clearance before unilateral nephrectomy is compared
with tabulated data from previously published reports in the rat
[15, 30, 31, 33]. The present data are similar to those reported
by Chang et al [15] and Michels et al [301, where a lack of good
agreement with a model of glomerular transport was also
observed. On the contrary, the data of Lambert et al in the dog
[32] (data not shown) are virtually identical to those of Bohrer
et al [31] in the rat when molecular size is used for comparison
and are below the present data. Further reconciliation of these
disparate results cannot be made because of differences in
analytical methodology, test solutes, and animal species.
Neglecting this lack of agreement with the mathematical
model, however, the magnitude of the difference in dextran
fractional clearance after unilateral nephrectomy is qualita-
tively similar but smaller than that observed following plasma
volume expansion in the rat [15]. Following plasma volume
expansion, an approximately twofold increase in glomerular
filtration rate results in a small but significant decrease in
dextran fractional clearance. The smaller, or lack of, observed
differences in the present study may result from the smaller
increase (less than 50%) in glomerular filtration rate per neph-
ron. Note that a similar independence of dextran fractional
clearance on plasma flow rate and glomerular filtration rate was
also recently reported in studies on dogs by Whiteside and
Silverman [34]. Based upon their observations, these latter
investigators have suggested that glomerular transport in the
dog is not influenced by diffusion and is therefore purely
convective. The present experimental results are, therefore, not
unexpected based upon these previous experimental studies
and an appropriate estimation of the relevant physical forces
involved.
The study of human kidney transplant recipients and donors
by Rosenbaum et al [19], suggesting that a decrease in inulin to
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creatinine clearance ratio results from the restraint of inulin, is
not consistent with the present results using the dog as an
experimental model. Why do we see the differences in response
to unilateral nephrectomy between dog and man? It is relevant
to note that micropuncture measurements in the rat have shown
that the increase in glomerular filtration rate following unilateral
nephrectomy results primarily from an increase in plasma flow
rate but also from small increases in glomerular hydraulic
pressure [3]. No changes in glomerular membrane properties
such as hydraulic permeability were observed. These observa-
tions are consistent with the high plasma flow rate dependence
of glomerular filtration rate in the rat where filtration pressure
equilibrium prevails. Filtration pressure disequilibrium is
thought to prevail, however, in both the dog [35, 36] and man
[37], where the changes in glomerular parameters following
unilateral nephrectomy might be different. In particular, the
parallel increase in renal plasma flow and glomerular filtration
rates (that is, constant FF) that results following unilateral
nephrectomy in all three species would require a much greater
increase in glomerular hydraulic pressure for species in filtra-
tion pressure disequilibrium. Alternatively, an increase in the
glomerular ultrafiltration coefficient from an increase in filtra-
tion area would decrease the required magnitude of the increase
in glomerular hydraulic pressure. In this latter case, moreover,
there would also be less restraint of macromolecular transport
for any given increase in glomerular filtration rate. Work by
Savin et al [38] would support the presence of nonfiltering
glomerular membrane area under basal conditions that might be
brought to bare under conditions of hypertrophy and compen-
satory hyperfunction. The small alterations in dextran frac-
tional clearance following unilateral nephrectomy in the dog
then may be distinct from those in man due to differences in
the response to compensatory hyperfunction, possibly from
changes in filtration area. Unfortunately, we were unable to
confirm this promising hypothesis by calculating an increase in
glomerular pore area after unilateral nephrectomy due to poor
fit of the mathematical model of glomerular function.
In summary, unilateral nephrectomy in the dog results in
compensatory hyperfunction and an increase in glomerular
filtration rate per nephron. This increase in glomerular filtration
rate per nephron does not result in significant changes in
dextran fractional clearance over the molecular size range of 13
to 50 A. Thus, enhanced glomerular restraint of neutral macro-
molecules following unilateral nephrectomy in the dog is not
significant. Likely species differences between the rat and dog
would suggest direct study of man as important.
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